Introduction

Laboratories that submit data to the International Glazings Database (IGDB) have to participate in an inter-laboratory comparison (ILC) every four years. This is a procedure that allow both contributors and database maintainers to confirm that the measurement capabilities of the laboratories are of high quality. All laminate and applied film samples are manufactured using the same batch of clear glass to allow for an investigation of the accuracy in the Optics 5 laminate deconstruction process.
The IGDB contains optical information in the wavelength region between 300-2500 nm where transmittance as well as reflectance for both the front and the back surface is recorded. In addition to that emissivity, obtained through measurement of reflectance between 5 and 25 µm, is recorded for both the front and back surface.
The goal for submitters is to pass within the tolerances dictated by NFRC document 302 which states that transmittances should be within 1% and reflectance/emissivity withing 2%. As an organizing entity LBNL aims to educate and help submitters troubleshoot any issues that give rise to systematic errors.
The ILC is a living ILC and does not necessarily contain the first result submitted by a lab. As errors are found submitters are encouraged to correct procedures or update equipment so that they are allowed to submit data to the IGDB. The risk of this practice is that if any of the recommended solutions introduces new systematic errors this will start to influence the average. Therefore this report tries to highlight the recommendations made so that they can be challenged.
Samples
The ILC was a parallel ILC, i.e. all participants get their own set of samples. This has proven valuable in the past for the participants since they can go back and remeasure their samples after moving or modifying their measurement equipment.
Selection committee
Mike Rubin, previously employed at LBNL, organized a sample selection committee consisting of Dave Haskins, PPG; Jordan Lagerman, Cardinal; Jason Theios, Guardian; Bob Curtin, AGC; Dave Duly, NSG; Dan Wacek, Viracon; Raghu Padiyath, 3M; Brija Nand, Southwall; Julia Schimmelpenningh, Solutia. This selection has been retained for the present ILC.
Specular sample selection
A total of five samples were selected from three companies, PPG, Solutia, and 3M. PPG produced a clear low-iron glass and also clear low-iron glass coated with a low-e coating. 
Sample variation
All glass used in the ILC was taken from the same production run. Solutia created laminates using the uncoated and coated samples. 3M applied a reflecting film to to the clear substrate for the final sample. A total of 50 boxes were sent out in the initial round, another 50 were kept at LBNL to allow for future inclusion of laboratories to submit to the IGDB.
Transmittance measurements of each sample was carried out at 550 nm to give an indication of the sample variation, this was done at LBNL before samples were shipped out. The transmittance was measured for 20 seconds with the signal sampled every second, typical variation in reading over 20 seconds was ±0.0002. The difference between samples and the average was calculated by subtracting the mean from each measured value. The extreme values as well as two times the standard deviation is shown in figure 1. 
Solar optical range, 300-2500 nm
The variation of the clear glass samples and the clear clear laminates was very small. All in all, more than 90% of the samples were within 0.005 absolute difference from the mean value. The outliers among the low-e coatings is believed to be due to defects from shipping and handling the samples. The conclusion from looking at this data is that it is of little benefit to force the manufacturers to measure more than one sample.
After the variation had been measured at LBNL, the samples where packaged, shipped, and upon reception cleaned by the recipient before they measured it with their instrument.
3 Solar optical range, 300-2500 nm
Instruments and detectors used
A majority of the ILC participants used Perkin-Elmer Lambda 900/950 instruments fitted with a 150 mm integrating sphere. The low number of other instrument types limits the ability to draw conclusions from the results. A breakdown is shown in figure 2a) .
The typical detector combination is a photo multiplier tube (PMT) for the visible range and a lead sulfide (PbS) detector for the NIR. The Lambda 1050 instruments feature an indium gallium arsenide (InGaAs) detector instead. All participants had an integrating sphere, the diameter distribution is shown in figure 2b ). With such a dominance of a few detector systems and instruments it is impossible to confidently say that the other instruments and detectors are performing better or worse. No error was tied to a single brand or detector type. 
Trends
With access to large data sets like this is is interesting to see if there are any trends that can be quantified.
3.2.1 Effects of large wavelength steps when measuring applied films LBNL requires steps of 50 nm or shorter for data at wavelengths longer than 1000 nm. The consequences of using the longest step length is shown in figure 3b) ; with very narrow interference fringes it is more or less random what value is reported in the range from high to low. There are two ways to avoid this, the practical way is to measure at shorter steps, as shown in figure 3a), which makes it less probable that streaks of high or low values will skew the integrated values.
The second way is to adjust the bandwidth of light used to illuminate the sample. The grating of a spectrophotometer in practice produces a distribution of wavelengths and the bandwidth of this is controlled by a slit in the optical system. This will create an average over multiple wavelengths which creates a smoother curve. While not an accurate representation of the interference fringes it will produce accurate results for integrated values. 
Diffuse versus specular reference
Integrating sphere theory suggests that using a diffuse reference sample of the same material as the sphere wall will give you an absolute reflectance measurement for specular samples. This requires that the detector response is identical for light incident on the specular port and the reflectance sample position. Since commercial integrating spheres are not ideal spheres it is not obvious that it would give the same result as when using a specular reference mirror. Data from this ILC can be used to compare results using diffuse standards, first surface mirrors, and second surface mirrors.
The specular mirrors have been divided between first, or front, surface mirrors and second surface mirrors. For the first surface mirrors the mirror film is exposed to air and will be in direct contact with the instrument. Even though some of these mirrors are protected with a surface coating they are sensitive to scratching which can occur when mounting against the sphere wall. The second surface mirrors have the mirror film sealed on the back of a transparent substrate. This protection results in a slightly lower reflectance but makes the mirror less sensible to degradation. The reflectance measured is graphed versus the type of reference used in figure 4 . The metal coating of sample #2 is shown in figure 4a ) and the solar reflectance is slightly higher, about .005 or 1% relative, on average but the visible reflectance is seemingly independent of reference sample. In figure 4b ) the average of each group is graphed divided by the average for all groups. It shows that for all 10 measured reflectances, counting front and back of the five samples, the data submitted using a Spectralon reference is consistently higher than average and the specular mirrors are lower.
One way to get a value that is too high is if the reference sample has a lower reflectance than it is supposed to. In the case of a specular reference mirror that happens if the surface 3.2. Trends has a lower reflectance than its certificate. In the case of a diffuse reference sample it happens if the Spectralon reference has a lower reflectance than the specular port. By lower reflectance in this case it is not only necessary to consider the actual reflectance of the material but also the response from the detector in the integrating sphere. So the sphere geometry coupled with the scattering distribution of the material, both the reference and the specular port, could play a role in any deviation from the true value.
It has been shown that Spectralon reflectance decreases with time even if the material is kept in the dark [1] . One possible hypothesis is that the Spectralon reference deteriorates faster than the specular port due to handling and that this gives rise to a systematically too high measured reflectance. Another possibility is that the detector response is different for light scattered from the specular port and the sample port. 
Example of corrected results
This section highlights some of the more confounding problems that show up repeatedly but can be hard to replicate on different instruments.
Discontinuity at grating change
These spectrophotometers are built to cover two wavelength ranges and mechanical alignment of detectors, gratings, and light sources is an engineering problem that is part of the challenge of building these instruments.
Example of a couple of different instrument results are shown in figure 5a ) A step of .02 indicates that you have no room for sample variation if you want to stay within .02 tolerance. Smaller steps are unsightly and could create problems for calculation of optical constants or when deconstructing an applied film or a laminate.
The step shown in figure 5b) was reduced by using a fixed slit width in NIR rather than the default servo setting. It also mattered what the ratio of slit width between the two gratings, best results were obtained when the ratio matched the ratio between the number of grooves per mm for the gratings. This keeps the light spot the same size.
The gratings also have a strong polarizing effect, if the instrument is not fitted with a depolarizer and the sample is polarized there is a possibility that there will be a discontinuity here as well. 
Absorption artifacts in NIR
Sample #2 has an exposed metal coating that is highly reflective in NIR. The flat shape of the reflectance for the coated side makes it easy to spot any absorption artifacts in that range. An example of the effect is shown in figure 6 from a metal coated sample used in the ILC 2007, sample #2 in this ILC has similar properties but very few submissions showed this effect so far this year which is why it is examplified using data from 2007.
It is hard to repeat this effect but a theory for how this happens is suggested. The submissions in figure 6 all used a diffuse reference and a Spectralon integrating sphere. In theory this should give the reflectance value assuming the detector response is the same for light incident on the reference sample and the specular port 1 . These two sphere locations are both baffled and not directly in the detector field of view and in those cases the most plausible explanation would be that the reference and the port have degraded differently. Some submitters tried to clean their reference samples but without any improvement. The only way they could get accurate results was to use a specular reference mirror. 
Thermal infrared range, 5-25µm
4 Thermal infrared range, 5-25µm
Instruments used
The IR instrument market is more diverse than the solar optical instrument market and that is seen in the range of instruments used presented in figure 7 . The THERMES project [2, 3, 4] did thorough comparisons between dispersive and FTIR instruments and those have not been repeated here since there were only three dispersive instruments in the whole test. There was a call for submission using emissometer type instruments but only two boxes were measured using those. The results from those two boxes were good but without a larger set of participants it is optimistic to draw any conclusions.
Emissivity calculations
The IGDB contains information about the emissivity in the infrared range. To obtain this value reflectance is measured and since the samples are opaque in the infrared wavelength region so the absorption is equal to one minus the reflectance. The spectral absorption is weighted using a 300 K black body curve according to NFRC 301 [5] . This temperature is the default in the LBNL Optics/Window 5 programs. The IGDB allows submissions where the submitter has calculated the emissivity instead of submitting the measured data.
The calculation of emissivity is not always carried out in this way. The European standard EN673 [6] uses a temperature of 283K instead of 300K. A room-temperature blackbody emits about 17% of the total energy at longer wavelengths than 25µm, if the region is extended to 40µm a different value can be obtained for some materials. The difference in calculated emissivity for low-e coatings is very small though as there is next to no variation in reflectance beyond 25µm. The numerical differences are shown in figure 8 for a single data file from this ILC. The reason to not measure beyond 25µm is purely practical in that for a long time it was impossible to purchase a new IR spectrophotometer that could measure longer wavelengths.
The conclusions to draw is that even though the differences are not large it could lead to rounding differently depending on how the emissivity was calculated.
All the emissivity values are shown in appendix C and in those graphs it is also possible to see which values were submitted spectra and which were submitted as calculated values.
In addition to the choice of black body temperature there is also a transformation from the direct emissivity (which is measured) to the hemispherical emissivity which is the reported property. This is carried out in accordance to NFRC 301 [5] . Out of the five samples, there were only two surfaces that were not uncoated glass, those were the low-e coating of sample 2 and the applied film of sample 5. By measuring glass emissivity 8 times the laboratories got good information about how the repeatability of the instrument was. An example of such a result is shown in figure 9. A two step process is used to calculate the hemispherical emissivity from the near normal IR reflectance measurement measured.
Calculation of normal emisssivity
The normal emissivity is calculated by integrating the measured reflectance, R(λ), weighted with the black-body emissivity spectrum of a 300 K body, E b (λ), according to
where E b (λ) is calculated according to
where the emitted black-body radiation, E b (λ), is given by
λ wavelength (µm).
Conversion from normal to hemispherical emissivity
The hemispherical emissivity, rather than the normal emissivity, is the property used in thermal calculations. Rather than to measure the hemispherical value it is calculated using empricial expressions [7] . For uncoated substrates the expression is:
where ε n is the normal emissivity calculated using equation 1. For coated substrates the expression is:
Calculated emissivities for samples 1-5
All calculated emissivity values are presented in appendix C. The average value for the low-e coating was 0.024. The average value for the the applied film was 0.77.
This report indicates that the state of the participants measurements is in general very healthy, almost all measurements are within the tolerances set by NFRC.
Results shown in sections 3.3.2 and 3.2.2 indicate that a specular reference mirror is preferred compared to a diffuse reference. Since the method of using a spectralon reference is theoretically sound and works well for some submitters it is still allowed, however, submitters are strongly adviced to switch to using a a calibrated specular mirror instead. This topic has been brought up for discussion in the ASTM E903 committee but not resolved.
Two changes to the IGDB submission procedure are suggested as a result of this ILC and they are both considered to be straight-forward:
1. Switch to require narrower steps that 50 nm in the near infra-red. This is demonstrated in section 3.2.1 on the applied film data. Most instruments already measure this data so it is a small change for submitters.
2. Require emissivity to be submitted as the measured direct IR reflectance. This improves the quality of the database since it allows users to calculate emissivity according the their standard of choice. The submission of self-calculated emissivity data seemed to be the largest problem in section 4. Also, having spectral data uncorrected allows users of the data to perform their own calculations which is useful for as long as there are multiple standard ways of doing these calculations.
It is the intent of LBNL to work with ISO and ASTM standards groups to improve on the language in standards to make it easier for new submitters to find information in the right place on how to carry out good measurements, and if possible prove that the tolerances could be decreased. 
Acknowledgement
